Both reactive oxygen species (ROS) and Forkhead box O (FOXO) family transcription factors are involved in the regulation of adipogenic differentiation of preadipocytes and stem cells. While FOXO has a pivotal role in maintaining cellular redox homeostasis, the interactions between ROS and FOXO during adipogenesis are not clear. Here we examined how ROS and FOXO regulate adipogenesis in human adipose-derived stem cells (hASC). The identity of isolated cells was confirmed by their surface marker expression pattern typical for human mesenchymal stem cells (positive for CD29, CD44, CD73, CD90, and CD105, negative for CD45 and CD31). Using a standard adipogenic cocktail consisting of insulin, dexamethasone, indomethacin, and 3-Isobutyl-1-methylanxthine (IDII), adipogenesis was induced in hASC, which was accompanied by ROS generation. Scavenging ROS production with N-acetyl-L-cysteine or EUK-8, a catalytic mimetic of superoxide dismutase (SOD) and catalase, inhibited IDII-induced adipogenesis. We then mimicked IDII-induced oxidative stress through a lentiviral overexpression of Nox4 and an exogenous application of hydrogen peroxide in hASC and both manipulations significantly enhanced adipogenesis without changing the adipogenic differentiation rate. These data suggest that ROS promoted lipid accumulation in hASC undergoing adipogenesis. Antioxidant enzymes, including SOD2, catalase, and glutathione peroxidase were upregulated by IDII during adipogenesis, and these effects were blunted by FOXO1 silencing, which also suppressed significantly IDII-induced adipogenesis. Our findings demonstrated a balance of ROS generation and endogenous antioxidants in cells undergoing adipogenesis. Approaches targeting ROS and/or FOXO1 in adipocytes may bring new strategies to prevent and treat obesity and metabolic syndrome.
Introduction
O besity has been recognized as a major risk factor for the development of type 2 diabetes, heart disease, hypertension, and stroke [1, 2] throughout the world, and is characterized by enlarged adipose tissues comprised of hypertrophied or hyperplastic adipocytes [3, 4] . Adipocytes can be derived from pluripotent mesenchymal stem cells (MSCs) that have potentials to differentiate into various cell lineages [5] . Adipogenesis is thought to occur in 2 stages: commitment of MSC to a preadipocyte fate, and terminal differentiation to adipocytes [6] . Several studies have revealed that regulation of adipogenesis in the mouse preadipocyte line 3T3-L1 involves multiple pathways, including a sequential activation of transcription factors CCAAT/enhancer-binding proteins (C/EBPs) and peroxisome proliferator-activated receptor g (PPARg) and, ultimately, converge to cause an induction of metabolic genes associated with an adipocyte phenotype, such as adipocyte protein 2 (aP2), also known as fatty acidbinding protein 4 and glucose transporter 4 [6, 7] . In contrast, little is known about how adipogenesis is regulated in human adipose-derived stem cells (hASC). Gimble et al. [8] recently isolated a population of MSC termed hASC from human fat and found them possessing multi-lineage differentiation potentials. These cells were differentiated to fat, bone, cartilage, vascular, and muscle lineages following directed differentiation [8] .
Reactive oxygen species (ROS) are implicated in the modulation of cell functions, such as proliferation, differentiation, and survival [9, 10] . Indeed intracellular ROS generation has been found to regulate the enzymatic activity of target proteins via covalent modification [11] [12] [13] [14] . ROS derived from nicotinamide adenine dinucleotide phosphate (NADPH) oxidase [15] and mitochondria [16] appear to have a role in adipogenic differentiation. It was demonstrated that the augmented ROS production accompanying adipogenesis in adipocyte was abolished by an NADPH oxidase inhibitor [15] . On the other hand, there is evidence that ROS derived from mitochondrial complex III may promote adipogenesis via an upregulation of C/EBPa and PPARg in human bone marrow MSC [16] . Indeed ROS have been found to facilitate the dimerization of C/EBPb, leading to an expression of a downstream adipogenic effector C/EBPa [17] . How ROS regulate adipogenesis in hASC remains unclear.
Recently, many reports have demonstrated that the forkhead box O transcription factors (FOXOs) are induced under oxidative stress [10, 18] and are involved in the regulation of adipogenic differentiation [19, 20] . FOXOs are the mammalian homolog of Daf-16 in nematodes, and the functions of FOXO proteins are tightly controlled by Akt-mediated phosphorylation [21, 22] . FOXO members have highly conserved Akt phosphorylation sites. The phosphorylated FOXO proteins bind to 14-3-3 chaperone proteins, and are then sequestered in the cytoplasm, where they are unable to regulate gene expression [23, 24] . Previous studies have suggested that FOXO members are involved in the regulation of adipogenesis, but their precise roles are still controversial [19, 20] . For example, an overexpression of an activated form of FOXO1 in the mouse 3T3-F442A preadipocytes suppressed adipogenesis by inhibiting clonal expansion of the progenitor cells [19] , while other authors demonstrated that silencing of FOXO1 impaired adipogenic differentiation in 3T3-L1 cells [20] . The effects of FOXO proteins in adipogenic differentiation of hASC, however, are not understood.
Cells undergoing adipogenesis are likely to upregulate antioxidant enzymes to avoid cellular damage or cell death caused by oxidative stress [25, 26] . In this study, we investigated how ROS regulate the process of adipogenesis and how cells maintain the cellular redox homeostasis through FOXO1-mediated antioxidation systems during adipogenesis in hASC.
Materials and Methods

Reagents
Insulin, dexamethasone, indomethacin, isobutylmethylxanthine (IBMX), N-acetyl-L-cysteine (NAC), rotenone, diphenyleneiodonium (DPI), allopurinol, 2¢,7¢-dichlorofluorescein diacetate (DCFDA), penicillin, sodium thiosulfate, b-glycerophosphate, and silver nitrate were purchased from Sigma-Aldrich. EUK-8 and Hydrogen peroxide were purchased from Merck Millipore.
Isolation and culture of hASC
Human ASC isolation was performed as previously described with some modifications [27] . This procedure was approved by St Vincent's Hospital Human Ethics Committee (HREC5203). Human fat tissues were excised from patients undergoing plastic surgery. Excised tissues were washed using phosphate-buffered saline (PBS) supplemented with antibiotics (100 mg/mL streptomycin and 100 U/mL penicillin; Invitrogen, Carlsbad, CA), and then minced into pieces of *1 mm 3 . Minced fat tissues were mixed with PBS and centrifuged at 1000 rpm for 8 min. The floating fat layer was collected and digested in 3 · volume of the high-glucose Dulbecco's modified Eagle's medium (DMEM; Invitrogen) supplemented with 0.5 mg/mL collagenase I (250 U/mg; Worthington) and antibiotics, with continuous shaking overnight at 37°C. On the second day, isolated cells were collected by centrifugation (1200 rpm, 10 min), resuspended in PBS, and passed through a cell strainer. After 2 additional centrifugations, cells were seeded in culture flasks and cultured overnight at 37°C with 5% CO 2 in the high-glucose DMEM supplemented with 10% fetal bovine serum (FBS, from PAA) and antibiotics. On the third day, attached cells were rinsed 3 times with PBS to remove red blood cells and further cultured in the keratinocyte complete medium (keratinocyte-SFM from Invitrogen) supplemented with 5% FBS, 50 mg/mL bovine pituitary extract, and 5 ng/mL recombinant epidermal growth factor. The keratinocyte medium was used because there was evidence that this medium could enhance proliferation, while maintaining stemness of hASC. Confluent cells were subcultured by trypsinization at a 1:4 ratio.
Characterization of hASC
1 · 10 5 hASC were resuspended in 50 mL of 2.5% fetal calf serum (FCS) in PBS and incubated with fluorescentconjugated antibodies against CD31 (platelet/endothelial cell adhesion molecule; 1:50 dilutions), CD45 (leukocyte common antigen; 1:50 dilutions), CD29 (b1-integrin; 1:50 dilutions), CD44 (gp85; 1:50 dilutions), CD73 (5¢-nucleotidase; 1:100 dilutions), CD90 (Thy-1; 1:200 dilutions), or CD105 (endoglin; 1:100 dilutions) (BD Biosciences) on ice for 30 min with light shielding. Control cells were incubated with the appropriate isotype control antibodies (BD Biosciences). Flow cytometry analysis was performed using a FACSCanto II (BD Biosciences). Cells were gated to exclude cell debris and 1 · 10 4 events were acquired and analyzed using BD FACSDiva Software v6.0 (BD Biosciences). The surface marker expression pattern typical for human MSCs was CD29-, CD44-, CD73-, CD90-, and CD105-positive; CD45-and CD31-negative.
Adipogenic differentiation of hASC
To determine adipogenic differentiation ability of hASC, confluent cells were continuously cultured in the adipogenic medium for 8 days. The medium contained: the Minimum Essential Medium (Invitrogen) supplemented with 10% FCS, 1% antibiotic/antimycotic, 0.5 mM IBMX, 10 mM insulin, 1 mM dexamethasone, and 0.2 mM indomethacin. The adipogenic medium was changed every second day. Oil red O staining was used to assess the accumulation of intracellular lipid droplets.
Determination of lipid accumulation with Oil red O assay
Cells were fixed with 10% neutral-buffered formalin for 40 min at room temperature. After fixation, cells were rinsed in 3 changes of PBS for 10 min, and then distilled water. Oil red O stock (0.5% in 98% isopropyl alcohol; BDH Chemicals) was diluted with distilled water (volume ratio = 3: 2) and filtered. Cells were incubated for 50 min to stain intracellular lipid droplets, and counterstained with Mayer's Hematoxylin. To evaluate the degree of adipogenic differentiation, 5 random photos were taken under 400 · microscope and cells carrying red lipid droplets were counted as differentiated. The adipogenic differentiation rate was calculated as the ratio of the adipocyte number to the total cell number in each image.
AdipoRed assay
Intracellular lipid accumulation was quantified using the AdipoRed Adipogenesis Assay Reagent (Lonza, Basel, Switzerland) according to the manufacturer's protocol. Briefly, cells were prewashed with PBS once and incubated with the AdipoRed Reagent for 10 min. Trypsinized cells were analyzed by FACSCanto II (BD Biosciences) or subject to fluorescence assay at excitation 485 nm and emission 572 nm, using a Polarstar microplate reader (BMG Labtech) at 37°C.
ROS measurement
The intracellular ROS level was assessed using DCFDA as previously described [28] . Cells were plated at a seeding density of 1 · 10 4 cells/cm 2 in 12-or 96-well plates and subjected to adipogenic differentiation. On day 8, cells were washed with the Hanks balanced salt solution, loaded with 10 mM DCFDA, and incubated for 30 min at 37°C. The fluorescence intensity of 2¢,7¢-dichlorofluorescin was measured using a FACSCanto II or Polarstar microplate reader at excitation 480 nm and emission 530 nm.
Amplex Red assay
Extracellular H 2 O 2 was detected using AmplexÒ Red assay as previously described [28] . Cells seeded at 1 · 10 4 cells/ cm 2 in 96-well plates were subject to adipogenic differentiation. On day 0, 2, and 8, cells were harvested by trypsinization and incubated in the Krebs-HEPES buffer (98 mM NaCl, 4.7 mM KCl, 25 mM NaHCO 3 , 1.2 mM MgSO 4 , 1.2 mM KH 2 PO 4 , 2.5 mM CaCl 2 , 11.1 mM D-glucose, and 20 mM Hepes-Na) containing the AmplexÒ Red reagent (Invitrogen). Fluorescence was then measured at excitation 571 nm and emission 585 nm using the Polarstar microplate reader at 37°C.
Quantitative real-time PCR
The quantitative polymerase chain reaction (PCR) was performed to verify the expression of human genes, including FOXOs, C/EBPa, PPARg, aP2, superoxide dismutase (SOD)1, SOD2, catalase, and glutathione peroxidise (GPx)1/ 2. Total RNA from treated cells was extracted with the Trizol reagent (Ambion) according to the manufacturer's instructions and reverse-transcribed to cDNA using the Highcapacity cDNA reverse transcription kit (Applied Biosystems) at 25°C for 10 min, 37°C for 2 h, and 70°C for 10 min in a thermal cycler (BioRad-DNA Engine). The real-time PCR reactions were performed in a 7300 system (Applied Biosystems) using TaqMan Universal PCR master mix and predesigned gene-specific probes and primer sets for human catalase (Hs00156308_m1), SOD1 (Hs00916176_m1), SOD2 (Hs01553554_m1), GPx1 (Hs02516751_s1), FOXO1 (Hs01054576_m1), FOXO3 (Hs00921424_m1), FOXO4 (Hs00172973_m1), and GAPDH (huGAPDH 4326317E)) or using SYBR green universal PCR Master mix (Applied Biosystems, VIC, Australia) and primers for PPARg, C/EBPa, aP2, and GAPDH as described in Supplementary Materials and Methods. Data were normalized to GAPDH (4326317E) and expressed as fold changes over that in the control treatment group.
Lentiviral-based expression of Nox4 NADPH oxidase
The packaging system for lentiviral production, including vectors pCMV-DR8.91, pMD.G (envelope element), and pLKO_AS2/Nox4.puro (transfer vector) were obtained from the National RNAi Core Facility (Taiwan). Briefly, 6 · 10 5 HEK293T cells were seeded in a 6-cm culture dish and cultured for 24 h. A mixture of the 3 vectors (2.3 mg pCMV-DR8.91, 0.3 mg pMD.G, and 2.5 mg transfer vector) was prepared and transfected into 293T cells using Lipofectamine 2000 (Invitrogen). The virus-containing medium was collected at 48 h after transfection. For lentivirus transduction, 1 · 10 5 hASC were seeded in 6-well plates in a medium containing 8 mg/mL polybrene (Sigma-Aldrich). The culture medium was removed at 24 h postinfection and replaced with a medium containing 1 mg/mL puromycin (SigmaAldrich). Successfully transduced cells were identified as those growing in the presence of puromycin (1 mg/mL) for 7 days.
Western blot
The protein extract was isolated from cells using the lysis buffer containing 150 mM NaCl, 50 mM HEPES pH 7, 1% Triton X-100, 10% glycerol, 1.5 mM MgCl 2 , 1 mM EGTA, and protease inhibitors (Roche Applied Science). After separation in 12.5% sodium dodecyl sulfate-polyacrylamide gel electrophoresis, the protein was transferred onto a polyvinylidene fluoride membrane using a blotting apparatus. The membrane was blocked with 5% skim milk in TBS-T for 1 h at room temperature, and then incubated with one of the following antibodies for FOXO1A (rabbit polyclonal, 1:500 dilutions; Abcam), FOXO3A (rabbit polyclonal, 1:500 dilutions; Abcam), catalase (mouse monoclonal, 1:500 dilutions; Sigma-Aldrich), SOD1 (sheep polyclonal, 1:1000 dilutions; BD Biosciences), SOD2 (sheep polyclonal, 1:1000 dilutions; BD Biosciences), or GPx-1/2 (mouse monoclonal, 1:500 dilutions; Santa Cruz Biotechnology) overnight at 4°C or bactin (mouse monoclonal, 1:2000 dilutions; Millipore) for 30 min at room temperature. After incubation with the secondary antibody conjugated with horseradish peroxidase (1:5000 dilutions in 5% skim milk) for 30 min, the signals on the membrane were detected using the ECL-plus luminol solution (Pharmacia) and exposed to X-ray film for autoradiogram.
RNA Interference
To knockdown gene expression, ON-TARGETplusÔ for nontargeting control, human FOXO1 and FOXO3 siRNAs were purchased from Thermo Scientific (Supplementary 880 HIGUCHI ET AL.
Materials and Methods). Cells were transfected with siRNAs using the DharmaFECT 1 reagent (Thermo Scientific) according to the manufacturer's instruction. Briefly, cells were seeded in 6-or 12-well plates in the medium containing serum 24 h before transfection. Cells were transfected with 100 nM siRNA and DharmaFECT 1 reagent for 48 h. The siRNA targeting sequence for human FOXO1 and human FOXO3 is described in Supplementary Materials and Methods.
Data and statistics
All values are presented as mean -standard error of the mean. Statistical analysis was carried out using one-way analysis of variance followed by the Newman-Keuls t-test (for multiple comparisons) unless indicated otherwise. A Pvalue less than 0.05 was regarded as statistically significant.
Results
Characterization of human ASC and adipogenic differentiation
Human ASC were successfully isolated from human abdominal fat flaps and both serpiginous and fibroblast-like cells were observed in primary cultures, consistent with previous descriptions of hASC [27] . Undifferentiated cells were characterized using flow cytometry with surface markers for hASC [29] . As shown in Supplementary Fig. S1 (Supplementary Data are available online at www.liebertpub .com/scd), the majority of isolated cells were positive for stem cell markers CD29, CD44, CD73, CD90, and CD105, while less than 0.1% of the cells were positive for the hematopoietic marker CD45 and the endothelial cell marker CD31 ( Supplementary Fig. S1A ) [30] . Furthermore, hASC demonstrated in vitro ability to differentiate into adipogenic, osteogenic, and chondrogenic lineages (Supplementary Fig.  S1B ). These experiments confirmed that the isolated hASC possessed stem cell properties.
The adipogenic cocktail consisting of insulin, dexamethasone, indomethacin, and IBMX (IDII) has been used to induce adipogenesis of hASC [5] . Here we demonstrated that IDII treatment induced hASC differentiation into adipocytes, as evidenced by the expression of adipogenesis markers C/ EBPa, PPARg, and aP2, in a time-dependent manner (6-8 days) (Supplementary Fig. S2A ). Next, we analyzed the extent of lipid accumulation as an indicator of adipogenesis. As shown in Supplementary Fig. S2B , hASC treated with IDII showed a significant increase in intracellular lipid accumulation as revealed by Oil red O staining (the percentages of differentiation on day 8 in control and IDII-treated hASC were 4.2% -1.5% and 35.3% -1.9%, respectively; P < 0.01). We also validated our findings with a conventional AdipoRed assay to quantify cellular triglyceride contents. There was a marked increase in intracellular triglyceride droplets in IDII differentiated cells (Supplementary Fig. S2C ).
ROS are involved in promoting adipocyte lineage differentiation of human ASC
There is evidence that ROS generation regulates adipogenic differentiation in human bone marrow-derived MSC and the mouse 10T1/2 cell line [16, 31] . To investigate whether IDII-induced adipogenic differentiation was dependent on ROS in hASC, we measured intracellular and extracellular ROS generation with DCFDA and Amplex Red assays, respectively. As shown in Fig. 1A , IDII treatment stimulated intracellular ROS generation, which was mainly localized in differentiated cells. Furthermore, quantification of the DCFDA fluorescent intensity by flow cytometry revealed an increase in DCFDA signals in differentiated cells. Amplex Red assay also confirmed the elevated ROS generation in IDII-differentiated hASC on day 8 (Fig. 1B) . To explore the role of ROS in IDII-induced hASC differentiation, we treated cells with NAC, an antioxidant compound and EUK-8, a catalase and SOD mimetic, throughout the induction to abolish the stimulatory effect of IDII on ROS production as detected by Amplex red (Fig 1C) . We next demonstrated that both NAC and EUK-8 partially, but significantly suppressed IDII-induced adipogenic differentiation (reduced proportion of differentiated cell number by Oil red O staining and expression of the adipocyte marker, aP2; Fig. 1D, E) .
Intriguingly, in the Oil red O stained cells, the lipid droplets in differentiated cells (insert of Fig. 1F ) were shrunk by antioxidants treatment, suggesting that reduced ROS may suppress not only adipogenic differentiation, but also lipid accumulation in differentiated cells. To further confirm the effects of ROS on lipid accumulation in differentiated hASC, we measured the accumulation of intracellular triglyceride droplets detected by AdipoRed assay. It was found that the lipid droplets in differentiated cells were significantly reduced in NAC-treated cells (Fig. 1G) . We then used flow cytometry to sort the cells stained with AdipoRed and identified 3 populations: undifferentiated, low-density lipid accumulation, and high-density lipid accumulation in the cells. As illustrated by the scatter plot and quantitative bar graph in Fig. 1H , NAC treatment significantly reduced the number of both high density and low density of lipid accumulation in cells. Taken together, these findings indicate that IDII-induced adipogenesis is dependent on ROS production in hASC.
Moreover, we characterized the source of ROS generation during IDII-induced adipogenesis using inhibitors to antagonize the contribution of different enzymes in the late stage of hASC differentiation (day 8): rotenone (mitochondrial electron transport chain), DPI (NADPH oxidases), and allopurinol (xanthine oxidoreductase) and then measured ROS production by DCFDA assay. Although ROS generation was inhibited by all 3 inhibitors (see Table 1 ), the degree of IDII-induced accumulation of triglyceride was suppressed by rotenone and DPI, but not allopurinol, suggesting that mitochondria [16] and NADPH oxidase [31] , but not xanthine oxidase [32] are the major sources of ROS generation.
Mimicking oxidative stress by exogenous application of hydrogen peroxide and manipulation of ectopic Nox4 expression promotes adipogenesis
To further investigate whether ROS affected adipocyte differentiation in hASC, H 2 O 2 (100 mM) was incubated for 8 days during the standard differentiation procedure to mimic oxidative stress. As shown in Fig. 2 , H 2 O 2 treatment caused enhanced adipogenesis, as detected by Oil red O staining ( Fig. 2A) and AdipoRed assay (Fig. 2B) . 
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Nox4-derived ROS production has recently been implicated in the differentiation of adipocytes from rat bone marrow-derived MSC and human preadipocytes [31, 33] . To confirm the involvement of ROS in adipogenic differentiation, we boosted ROS production by Nox4 overexpression to mimic the effect of IDII-induced ROS on adipogenesis. As compared to lenti-green fluorescent protein controls, lentiNox4 induced a remarkable increase in Nox4 expression and a 3-fold elevation of ROS generation (Fig. 3A) . We then compared the effects of IDII treatment and lenti-Nox4 transduction in hASC on days 0, 2, and 8. As shown in Fig. 3B , lenti-Nox4 elevated ROS production to a level similar to that induced by IDII. Intriguingly, IDII did not further augment ROS production in lenti-Nox4-transfected cells. Moreover, we found that Nox4 overexpression enhanced adipogenesis and potentiated the accumulation of intracellular lipid in the presence or absence of IDII (Fig. 3C) in Day 8.
Upregulation of antioxidant enzymes during adipogenesis
Because we found that lentivirus-mediated Nox4 overexpression did not potentiate ROS generation in IDIIinduced differentiated hASC, we explored the involvement of cellular antioxidant enzymes. Kojima et al. recently demonstrated that the expression of endogenous antioxidants, including catalase, SOD, and GPx were increased during adipogenesis from 3T3 fibroblasts [25] . Therefore, we evaluated the expression of these enzymes in control and IDIItreated hASC. Similar to the results obtained in 3T3 fibroblasts, we found that IDII-induced hASC differentiation to adipocytes was accompanied by significant upregulation of SOD2, catalase, and the GPx gene as well as the protein level, whereas SOD1 was unaffected (Fig. 4A, B) .
IDII-induced adipogenesis involves FOXO1
To delineate the mechanisms underlying ROS-dependent activation of antioxidant enzymes during adipogenesis, we explored the involvement of FOXO, a key transcriptional regulator in redox signaling [34] . To investigate whether FOXO proteins are involved in IDII-induced adipogenic differentiation, we performed real-time PCR analysis. We found that both FOXO1 and FOXO3, but not FOXO4, are abundantly expressed in hASC (Fig. 5A) . In addition, FOXO1 and FOXO3 expression were significantly elevated during IDII-induced differentiation from day 1 (Fig. 5B) . The upregulation of FOXO1 and FOXO3 in differentiated hASC was confirmed with western blot (Fig. 5C) .
To further establish the effects of FOXOs modulating expression of antioxidant enzymes and adipogenesis, we silenced FOXO1 and FOXO3 gene expression by specific siRNAs. The efficiency and specificity of siRNA-mediated gene silencing was confirmed by PCR and western blot (Fig. 6A, B) . Treatment with FOXO1 siRNA, but not FOXO3 siRNA, significantly inhibited upregulation of SOD2, catalase, and GPx1 during IDII-induced adipogenesis (Fig. 6C) , indicating that FOXO1 mediated the upregulation of these antioxidant enzymes. Moreover, treatment with FOXO1 siRNA, but not FOXO3 siRNA, partially, yet significantly, suppressed IDII-induced aP2 expression and adipogenesis (Fig. 6D, E) . These data suggest that FOXO1 has a pivotal role in regulation of antioxidant enzymes and adipogenesis in IDII-treated cells. In addition, we found that dexamethsone, but not other components in the IDII cocktail, was responsible for FOXO induction during adipogenesis ( Supplementary Fig. S3 ).
Discussion
In this study, we demonstrated a novel role of ROS in promoting differentiation of hASC to the adipocyte lineage and a role of FOXO1 in maintaining cellular redox After 8 days of adipogenic induction, hASC were treated with rotenone (0.5 mM), DPI (0.1 mM), or allopurinol (50 mM) for 1 h and ROS generation from hASC was measured using DCFDA assay. ROS production was expressed as reduction from control groups. All data are presented as mean -SEM from 3 to 4 experiments. a P < 0.05 compared with IDII alone. hASC, human adipose-derived stem cell; DPI, diphenyleneiodonium; ROS, reactive oxygen species; DCFDA, 2¢,7¢-dichlorofluorescein diacetate; SEM, standard error of the mean.
FIG. 2.
Effects of hydrogen peroxide on adipogenic differentiation in hASC. hASC were incubated with hydrogen peroxide (H 2 O 2 ; 100 mM) for 8 days with or without IDII induction, and adipogenesis was measured by Oil red O staining (A) and AdipoRed assay (B). Data are presented as mean -SEM from 3 experiments. *P < 0.05 compared to H 2 O 2 treatment. Ctrl: control media; IDII: adipogenic differentiation media. Scale bar represents 50 mm. homeostasis during adipogenic differentiation. Using a cocktail of insulin, dexamethasone, indomethacin, and IBMX, we showed that induced adipogenic differentiation of hASC was accompanied by increased cellular ROS production, a response that was partially inhibited by the antioxidant agent NAC. Pretreatment with ROS scavengers decreased the proportion of cells exhibiting an adipocyte phenotype, and reduced the intracellular lipid content, suggesting that ROS promoted adipogenesis via 2 mechanisms: (1) inducing adipogenic differentiation and (2) encouraging intracellular lipid accumulation. Moreover, we found that NADPH oxidase and mitochondria are 2 major sources of ROS generation involved in these processes. Another finding in our study was that FOXO1, a key transcriptional regulator in redox signaling, is involved in regulating expression of endogenous antioxidant enzymes, such as SOD2, catalase, and GPx, during adipogenesis. This mechanism may protect cells from oxidative stress-induced damage during adipogenesis.
Several recent studies showed that ROS could regulate stem cell differentiation into adipocyte lineage, but the underlying signaling mechanisms remain unclear. Kanda et al. and Tormos et al. both showed that ROS generation was increased during adipogenesis in mouse MSC and human bone marrow-derived stem cells [16, 31] . Similarly, we showed that differentiation of hASC to adipocytes was inhibited by ROS scavengers, confirming that ROS promote adipogenesis. We found that ROS not only induced ASC differentiation, but importantly, it also augmented accumulation of lipid droplets in differentiated cells, which is deeply involved in the pathogenesis of obesity. Intracellular lipid synthesis is facilitated by insulin signaling, which activates the Akt-mTORC1 pathway and thereby enhances expression of lipogenic enzymes through transcription factors SREBP-1 and PPARg [35] . ROS may augment insulin-triggered Akt signaling by inhibiting phosphatase and tensin homolog (PTEN), which has an oxidationsensitive cysteine residue in its catalytic active site [12] . In addition, there is evidence that ROS may facilitate dimerization of C/EBPb, leading to increased DNA binding activity of C/EBPb, which is required for terminal differentiation of adipocytes [17] . Our results also correlate with clinical data showing that there is a positive correlation between systemic oxidative stress and obesity [15, 36] . Currently, hormonal regulation of adipogenesis is under intensive investigation, while the effects of oxidative stress on adipogenesis begin to gain some attention. Our results provided evidence that oxidative stress may be closely involved in regulating differentiation and maturation of adipogenic precursor cells, suggesting that targeting ROS may have a beneficial effect on obesity by preventing adipogenesis. Overexpressing Nox4 in ASC cells constantly generates ROS without any stimulation, which is comparable to the ROS level induced by IDII at early stages (day 0 and 2). However, we were unable to further potentiate ROS generation by IDII treatment in cells overexpressing Nox4, suggesting that an endogenous feedback mechanism might be activated by Nox4-dependent ROS generation, which limited further ROS generation.
Indeed, we observed that the expressions of SOD2, catalase, and GPx were remarkably increased during IDIIinduced differentiation in hASC, and treatment with FOXO1 siRNA significantly inhibited the upregulation of these antioxidant enzymes. These are consistent with the notion that FOXO transcription factors have a pivotal role in maintaining the intracellular redox balance by regulating the expression of a variety of antioxidant enzymes [18, 37] . However, it remains to be elucidated whether FOXO1-mediated expression of endogenous antioxidant enzymes act as a self-regulatory mechanism that has a feed-back effect on IDII-induced adipogenic differentiation. Nevertheless, our data support the notion that FOXO1 has an important role in maintaining intracellular redox homeostasis and preventing excessive oxidative stress during differentiation of stem cells [38] . (C) The protein levels of FOXO1 and FOXO3 was measured by western blot, and level of protein was quantized by densitometry in undifferentiated (Ctrl) and IDIIdifferentiated hASC on day 8. Two lineages of hASC from 2 different patients (I and II) were examined for proteins and representative western blots are shown. Data are presented as mean -SEM from 6 experiments. **P < 0.01 compared to control (Ctrl).
FOXO1 expression in hASC was upregulated after IDII treatment, and knockdown of FOXO1 partially inhibited IDII-induced adipogenesis. These data are consistent with those reported by Munekata and Sakamoto in 3T3-L1 preadipocytes, suggesting that FOXO1 has a positive role in regulating adipogenic differentiation [20] . We further demonstrated that dexamethasone present in the IDII cocktail was responsible for FOXO1 upregulation ( Supplementary  Fig. S2 ), and this observation was in line with a recent report that glucocorticoids stimulated expression of FOXO family FIG. 6. Effects of FOXO gene silencing on expression of ROS antioxidant enzymes and adipogenesis in hASC. Effects of FOXO1 and FOXO3 siRNA on gene expression (A) and protein levels (B) of FOXO1 and FOXO3 were examined by western blot and real-time PCR analysis on day 8 after IDII induction. (C) Effects of FOXO1 and FOXO3 siRNA on gene expression of SOD2, catalase, and GPx in hASC were examined by real-time PCR analysis on day 8 after IDII induction. Effects of FOXO1 and FOXO3 siRNA on adipogenesis measured by gene expression of aP2 (D) and intracellular triglyceride accumulation detected with AdipoRed assay (E). Data are presented as mean -SEM from 6 experiments. *P < 0.05 or **P < 0.01 compared to control (Ctrl) or siRNA control.
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transcription factors and increased insulin sensitivity in human primary preadipocytes [39] . In contrast, in mouse preadipocytes, it has been shown that overexpression of active FOXO1 repressed insulin-induced adipogenesis [19] . Moreover, it was demonstrated that FOXO1 was induced in the early stages of adipogenic differentiation of mouse 3T3-F442A preadipocytes, whereas FOXO activation was delayed until the end of the clonal expansion phase [19] . All these results suggest that regulation of FOXO expression and FOXO-mediated cellular responses during adipogenic differentiation are cell type-and context-dependent.
In conclusion, our data suggest that ROS may accelerate adipogenesis in hASC by enhancing differentiation and lipid accumulation, both of which are largely dependent on insulin signaling. Moreover, we suggest that FOXO1 may be a regulator of redox homeostasis during hASC differentiation, which limits excessive oxidative stress by upregulating antioxidant enzymes in hASC. Approaches targeting ROS and/or FOXO1 may bring new strategies for prevention or treatment of obesity.
